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BACKGROUND: The filaggrin protein is important for skin barrier structure and function. Loss-of-function (null) mutations in the filaggrin gene FLG
may increase dermal absorption of chemicals.

OBJECTIVE: The objective of the study was to clarify if dermal absorption of chemicals differs depending on FLG genotype.

MEeTHOD: We performed a quantitative real-time polymerase chain reaction (qQPCR)-based genetic screen for loss-of-function mutations (FLG null) in
432 volunteers from the general population in southern Sweden and identified 28 FLG null carriers. In a dermal exposure experiment, we exposed 23
FLG null and 31 wild-type (wt) carriers to three organic compounds common in the environment: the polycyclic aromatic hydrocarbon pyrene, the
pesticide pyrimethanil, and the ultraviolet-light absorber oxybenzone. We then used liquid-chromatography mass-spectrometry to measure the concen-
trations of these chemicals or their metabolites in the subjects’ urine over 48 h following exposure. Furthermore, we used long-range PCR to measure
FLG repeat copy number variants (CNV), and we performed population toxicokinetic analysis.

RESULTS: Lag times for the uptake and dermal absorption rate of the chemicals differed significantly between FLG null and wt carriers with low (20-22
repeats) and high FLG CNV (23-24 repeats). We found a dose-dependent effect on chemical absorption with increasing lag times by increasing CNV for
both pyrimethanil and pyrene, and decreasing area under the urinary excretion rate curve (AUC g_4qp)) with increasing CNV for pyrimethanil. FLG null
carriers excreted 18% and 110% more metabolite (estimated by AUC g_4on)) for pyrimethanil than wt carriers with low and high CNV, respectively.

CoNcLusION: We conclude that FLG genotype influences the dermal absorption of some common chemicals. Overall, FLG null carriers were the
most susceptible, with the shortest lag time and highest rate constants for skin absorption, and higher fractions of the applied dose excreted.

Furthermore, our results indicate that low FLG CNYV resulted in increased dermal absorption of chemicals. https://doi.org/10.1289/EHP7310

Introduction

Exposure to chemicals on the skin can cause skin diseases, such as
irritant and allergic contact dermatitis, urticaria, and skin cancer
(Anderson and Meade 2014). Dermal exposure is also a risk factor
for chemical-related systemic effects, such as asthma (Paggiaro
etal. 1987; Petsonk et al. 2000; Redlich 2010) and nonskin cancers
(Golka et al. 2012; Nakano et al. 2018). Most people are dermally
exposed to chemicals on a daily basis from household products,
cosmetics, agricultural pesticides, textile and leather articles, rub-
ber and rubber chemicals, and air pollution (World Health
Organization 2014). Household chemicals are often used without
proper skin protection, and numerous hazardous chemicals in cos-
metic products, including sunscreen, makeup, and hair dyes, are
applied to the skin. Many individuals are also exposed to chemicals
at work, and dermal exposure has been increasingly recognized as
amajor occupational health risk (Roskams et al. 2008).

The skin barrier protects against the absorption of these chem-
icals into the body. One important protein for the skin barrier
structure is filaggrin (encoded by the filaggrin gene FLG), a
37-kDa protein present in the stratum corneum of the epidermis,
the outmost layer of the skin. Profilaggrin (400kDa) undergoes
proteolysis into filaggrin monomers, which maintain the integrity
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of the skin barrier and are further cleaved into amino acids, which
function as natural moisturizing factors and help retain water in
the skin (Sandilands et al. 2009).

FLG loss-of-function (null) mutations are common: approxi-
mately 2%-10% of Europeans carry at least one FLG null allele
(Bandier et al. 2013; Brown et al. 2012; Greisenegger et al. 2010;
Liljedahl et al. 2019; Wahlberg et al. 2019; Varbo et al. 2017).
People who are homozygous for FLG null alleles lack filaggrin pro-
tein, and most have the disease ichthyosis vulgaris (Smith et al.
2006). People who are heterozygous have filaggrin deficiency in the
skin (Smith et al. 2006). Human studies have found associations
between FLG null alleles and increased risk of childhood atopic der-
matitis (Palmer et al. 2006), occupational irritant contact dermatitis
(Visser et al. 2013), allergic sensitization (van den Oord and Sheikh
2009), and allergic rhinitis (van den Oord and Sheikh 2009).

The FLG gene is composed of repetitive sequences with copy
number variants (CNVs) consisting of 10, 11, or 12 copies of the
sequence encoding filaggrin monomers. The FLG CNV genotype
was positively associated with the amount of natural moisturizing
factors in the skin and negatively associated with the risk of atopic
dermatitis in a case—control study of Irish individuals (cases were
children with a mean age of 3.3 y, controls were adults with a mean
age of 36.2 y) (Brown et al. 2012). Cross-sectional studies showed
an association between FLG null alleles and higher urinary levels
of phthalates in Danish men (Joensen et al. 2014), and between
higher FLG CNV and lower levels of polycyclic aromatic hydro-
carbons (PAHSs) in the urine of a sample of chimney sweeps
(Wahlberg et al. 2019). Although these studies associated FLG
null and certain CNV with higher internal chemical exposure, the
link to dermal uptake could not be established. Protection of indi-
viduals with a high dermal absorption is important because dermal
uptake is a major route of environmental exposure to chemicals.
New chemicals are continuously being added to consumer prod-
ucts all over the world. Still, there is limited research on the role of
genetics in dermal chemical exposure and absorption.

The aim of this study was to clarify whether variations in
FLG influence the degree of dermal chemical uptake. For this
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purpose, we performed a controlled human exposure experiment
in which we exposed FLG null carriers and homozygous wild-
type (wt) controls to three different organic substances found in
food, air, and/or cosmetics: pyrimethanil, which is a fungicide
used in conventionally grown fruit; pyrene, a PAH produced by
incomplete combustion of organic materials; and oxybenzone,
used as an ultraviolet (UV) filter in sunscreen to protect the skin
and as a UV absorber in other cosmetics, rubber, and numerous
organic materials to protect the product. We then measured uri-
nary exposure biomarkers using liquid-chromatography—tandem
mass spectrometry (LC-MS/MS) and compared the levels of the
chemicals or their metabolites and the toxicokinetics between
FLG null carriers and wt carriers grouped according to FLG
CNV genotype.

Materials and Methods

Chemicals

Acetone, ethanol, formic acid, pyrimethanil: 4,6-dimethyl-N-phe-
nyl-2-pyrimidinamine (CAS 53112-28-0), pyrene (CAS 129-00-
0), and its metabolite 1-hydroxy-pyrene (CAS 5315-79-7), were
purchased from Sigma Aldrich; oxybenzone (2-Hydroxy-4-
methoxyphenyl)-phenylmethanone (CAS 131-57-7; referred to as
benzophenone-3 on cosmetics’ ingredient lists and in EU
Cosmetics Regulation); the pyrimethanil metabolite OH-
pyrimethanil ~ 4-[(4,6-dimethyl-2-pyrimidinyl) amino] phenol
(CAS 81261-84-9); and the internal standards 2H\;-oxybenzone,
’H,OH-pyrimethanil, and *Ho-1-hydroxy-pyrene, were pur-
chased from Toronto Research Chemicals. Acetonitrile (hyper
grade), ammonium acetate, and methanol were from Merck.
B—glucuronidase/arylsulfatase from Helix pomatia was pur-
chased from Roche Diagnostics Scandinavia AB. Water was pro-
duced by Milli-Q" Integral 5 system, Millipore.

Ethics

The study was approved by the Regional Ethics Committee in
Lund, Sweden. The exposure doses used in this study were equal or
below the acceptable daily intake (ADI, for pyrimethanil
<0.17 mg/kg; according to http://ec.europa.eu/health/ph_risk/
committees/04_sccp/docs/scep_o_159.pdf) or the tolerable daily
intake (TDI, for pyrene 0.03 mg/kg according to http://www.
popstoolkit.com/tools/HHRA/TDI_USEPA .aspx; and for oxyben-
zone 6% of cosmetics according to http://ec.europa.eu/health/ph_
risk/committees/04_sccp/docs/sccp_o_159.pdf) levels for each
chemical. Participants were given information about the purpose of
the project, the type of chemicals that they were going to be exposed
to, the type of samples that were going to be collected, and any risks
of discomfort during sampling. They were informed about how the
samples and personal data are stored and that they could withdraw
their participation at any point during the study. They were informed
that results from the study would be published on a group level.
Each participant gave their written informed consent.

Study Population and Recruitment, Phase 1

In phase I, volunteers were recruited by advertising online and on
billboards at different companies and university campuses in
Lund and Malmo, Sweden. Inclusion criteria were that volunteers
should be nonsmoking and above 18 years of age. Interested vol-
unteers (n =488) received information about the project and gave
their informed consent (n=445). Volunteers received a saliva
sample collection kit (Oragene DNA OG-500 kit, DNA Genotek)
and a questionnaire regarding nickel allergy (that will be pub-
lished separately), smoking and snuff habits, as well as occupa-
tion. Saliva samples (n=432) and questionnaires were sent by
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regular mail service to the laboratory of Occupational and
Environmental Medicine, Lund University, and stored at room
temperature (RT) until DNA extraction was performed. A flow
chart of the study is shown in Figure 1.

DNA Extraction and Genotyping

DNA was extracted from saliva samples from the 432 volunteers
using the prepITL2P extraction kit (DNA Genotek) according to
the manufacturer’s instructions. Genotyping of the most common
FLG null mutations in Europeans (Brown and McLean 2012) was
performed using TagMan™ assays as described elsewhere
(Liljedahl et al. 2019). The FLG null variants included in analyses
were single nucleotide polymorphisms (SNPs) R501X, present in
CNV repeat 1; R2447X, present in CNV repeat 7; and S3247X,
present in CNV repeat 8 (all leading to a stop codon and a truncated
protein); and the deletion mutation 2282del4, present in CNV repeat
1 (leading to a stop codon and a truncated protein). Primer and probe
sequences are described in Table S1. The primers and probes were
from Thermo Fisher Scientific. The final reaction of 5 pL. contained
TagMan™ genotyping Master Mix (1 X; Thermo Fisher), sterile
water (Thermo Fisher), forward and reverse primers (900 nM), fluo-
rescent probes (200 nM), and DNA (2 ng/pL). To improve specific-
ity, two forward primers were used in the 2282del4 assay
(Sandilands et al. 2007), where the inner primer was added to the
reaction separately at a final concentration of 500 nM. Samples
were run in 384-well plates on a real-time polymerase chain reaction
(PCR) machine (7900HT, Applied Biosystems) with the following
conditions: 95°C for 10 min; 45 cycles of 92°C for 15 s, and 60°C
for 90 s (60 s for the 2282del4 assay).

Recruitment, Phase I1

FLG null allele carriers (n=28) and an equal number of controls
(noncarriers matched to carriers by age and sex) identified in
phase I were contacted about continuing into the dermal exposure
experiment (phase II). Four FLG null carriers turned down the
request to participate further, and one did not attend on the day of
the exposure experiment. Eight additional controls (of which six
were women) were recruited to increase statistical power and to
cover for potential dropouts. Participants in phase II are shown in
Table 1.

Exposure Experiment, including Sampling

A physician was always present during the dermal exposure
experiment. To minimize background exposure of the selected

’ Phase | Spring/Summer 2018 ‘ Phase Il Autumn 2018

Recruitment Dermal exposure experiment
n=488 FLG null n=23, FLG wt n=31*

| [

Saliva kits sent out Re- . Pre-exposure: blood + urine samples
n=445 genotyping of 2. Exposure on arms to: oxybenzone
selected (start of exposure), pyrene, and
l participants pyrimethanil. Cover with aluminum
T foil + mefix tape.

Saliva kits back 3. Remove cover approx 4h after start,

n=432 wash 3 times w. swabs + 70%
l 5FLG null ethanol (end of exposure), wash w.
: water +soap.
carriers
4. Post-exposure: blood samples after

B declined
Genotyping FLG null participation end of exposure, urine collection for

n=432 (% FLG null=6.45) phase Il 48h.

| [

Invite FLG null carriers LC/MS/MS of metabolites/compound in
n=28 + sex and age urine
matched FLG wt carriers Genetic analysis (CNV)

Figure 1. Flow chart of the two phases of the exposure experiment. Note:
*8 extra wt carriers were included.
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Table 1. Characteristics, self-reported symptoms and diseases, and FLG null
frequencies among the study participants.

n (%) n (%)

Characteristic FLGnull (n=23) FLGwt(n=31) p-Value®
Age (mean + SD) 39.6+15.0 38.8+15.3 0.45
BMI (mean + SD) 244458 24.1+4.6 0.62
Sex

Male 10 (43.5) 12 (38.7) 0.72

Female 13 (56.5) 19 (61.7) —
Smoking

Passive smoker 0(0) 3(09.7) 0.12

Party smoker 2(8.7) 1(3.2) 0.38

Previous smoker 8 (34.8) 9 (29.0) 0.57
Rash 4(17.4) 7(22.6) 0.64
Allergy symptoms, nose 14 (60.9) 12 (38.7) 0.20
Allergy symptoms, eyes 15 (65.2) 12 (38.7) 0.13
Asthma 4(17.4) 3(09.7) 0.40
Hand eczema 7 (30.4) 5(16.1) 0.21
Wrist/forearm eczema 4(17.4) 5(16.1) 0.90
Dry skin 15 (65.2) 17 (54.8) 0.31
Childhood eczema 6(26.1) 8(25.8) 0.98
Nickel allergy 1(4.3) 6 (19.4) 0.21
FLG null genotype

R501X 8 (34.7) 0 NA

R2447X 2(8.7) 0 NA

S3247X 3(13.0) 0 NA

2282del4 10 (43.5) 0 NA
Note: p-Values represent differences between FLG null and wt carriers. —, no data; BMI,

body mass index; SD, standard deviation; NA, not applicable.
“For continuous variables: Student’s ¢-test, for categorical variables: chi-square test.

chemicals, participants were given instructions not to consume
grapes, strawberries, or apples (to avoid pyrimethanil exposure);
not to smoke cigarettes or eat grilled food (to avoid pyrene expo-
sure); and not to use sunscreen or skin moisturizers (to avoid oxy-
benzone exposure) 2 d before until 2 d after the exposure
experiment. The following samples were taken 10-30 min prior
to the exposure: blood (two K,EDTA tubes, BD Vacutainer; one
SST II Advance tube, BD Vacutainer; one PST II heparin tube,
BD Vacutainer; one PAX tube, PreAnalytiX GmbH); and one
spot urine (500 mL polypropylene bottle, translucent, with wide
neck and screw cap, VWR). For the treatments, a solution con-
taining 23.5 mg pyrimethanil/mL was prepared in ethanol, a
5-mg/mL solution of pyrene was prepared in 1:1 ethanol:ace-
tone, and a 23.5-mg/mL solution of oxybenzone was prepared in
ethanol. The exposure experiment went on for 2 months, so fresh
solutions of each chemical were prepared weekly. An area along
the bicep brachii of the right upper arm was marked for pyrime-
thanil (55 cm), on the volar aspect of the lower right arm for
pyrene (5% 10 cm), and along the bicep brachii of the upper left
arm for oxybenzone (5 X5 cm). Finally, 200 pL of each individ-
ual solution, oxybenzone (4.7 mg), pyrene (1.1 mg), and pyrime-
thanil (4.7 mg), was added to the marked areas in that order. The
solution was spread out evenly with the pipette tip. The same
dose was used for all study participants and was equal or below
the ADI or the TDI levels for each chemical. The timing of the
exposure was started when the oxybenzone solution had dried on
the skin (by visual inspection). After drying, the exposed areas
were covered with aluminum foil (Rio) and secured with adhe-
sive dressing tape (Mefix, Molnlycke Health Care). During the
exposure, participants were allowed to have water, tea, coffee, or
hot chocolate, but otherwise they fasted. Participants were
exposed for 4 h, during which time they rested and answered an
extensive questionnaire concerning, for example, asthma (“Have
you ever had asthma?” and “If yes, did a physician make the di-
agnosis?”), allergies [“Have you ever had allergic symptoms
from the nose (so-called hay fever) from for example pollen or
animals?” and “Have you ever had allergic symptoms from the
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eyes from for example pollen or animals?”’], and eczema (“Have
you ever had an itchy rash, occasionally over at least 6 months,
in skin creases?”, “Have you ever had hand eczema?”, and “Did
you have eczema when you were a child?”).

After 4 h of exposure, the aluminum foil and tape were
removed from the participants’ arms. The exposed areas were
washed three times with cotton swabs wetted with 70% ethanol.
Photographs of the arms were taken, and participants were asked
to wash their arms with water and soap immediately. Blood sam-
ples were taken following the same procedure outlined above,
and participants were given instructions, a cooler bag, and
16 500-mL bottles (VWR) to collect urine. Blood samples were
kept at RT for 20 min, separated by centrifugation for 10 min at
2,200 X g into plasma and serum (not analyzed here), aliquoted
in 2-mL screw-cap tubes (Eppendorf), and stored at —80°C.
Blood intended for RNA analysis (not analyzed here) was kept at
RT for 24 h and stored at —20°C. Whole blood and heparin tubes
were stored at —20°C. Study participants collected full urine
voids ad libitum in separate bottles during the exposure and for
approximately 48 h post exposure. Urine samples were kept in a
cooler bag at RT until they were delivered to the laboratory after
the 48-h period, where they were stored at 5°C. The volume of
each urine void was registered and 10-mL aliquots of each urine
sample were taken and stored at —20°C.

Re-Genotyping of Study Participants

All participants included in the phase II dermal experiment were
genotyped a second time to confirm the genotyping in phase
I. Pre-exposure blood samples were extracted using the Omega
E.Z.N.A. kit (Omega Bio-tek) and genotyped for FLG null alleles
as described above.

CNYV Analysis

CNV was determined according to a modified long-range PCR
method originally described in Brown et al. 2012, in which amplifi-
cation of the gene from repeat 7 results in different product sizes,
depending on the CNV. The final reaction of 15 pL contained sterile
water (Thermo Fisher), LaTaqu2+ buffer (10 x; TaKaRa Bio),
dNTPs (2.5mM; TaKaRa Bio), forward and reverse primers
(10 uM; forward primer 5’-CCCAGGACAAGCAGGAACT-3'
and reverse primer 5'-CTGCACTACCATAGCTGCC-3"), TaKaRa
polymerase (5 U/uL; TaKaRa Bio), and DNA (10ng/pL).
Amplification was performed on a PCR machine (T100 Thermal
Cycler, Bio-Rad) with the following conditions: 94°C for 1 min,
30 cycles of 98°C for 10 s, 66°C for 30 s, and 72°C for 8 min, fol-
lowed by a final extension step of 72°C for 10 min. Agarose gels
(1% wiv) with GelRed (Biotum) were loaded with PCR product
alongside a 1-kb Plus DNA ladder (Invitrogen). Sizes of the
expected PCR products were 4,277 base pairs (bp) (repeats 7—10);
5,249 bp (repeats 7-11); and 6,224 bp (repeats 7-12). The presence
or absence of the 12th repeat was confirmed by a predesigned assay
(rs12730241 SNP assay, Thermo Fisher) according to the manufac-
turer’s recommended protocols) and run according to FLG null ge-
notypes. We were unable to identify the CNV of three wt carriers.
The FLG wt participants were divided into two groups based on
whether they had low CNV (defined as total CNV for both alleles of
20-22; combinations 10/10, 10/11, 11/11, 10/12) or high CNV (total
CNV of 23-24; 11/12, 12/12). FLG null carriers were not grouped
according to CNV because we did not assess which CNV corre-
sponded to the functional allele and thus would be expressed.

Analysis of Biomarkers in Urine

Calibration standards and quality controls. The exposure bio-
markers analyzed in the urine were OH-pyrimethanil, oxybenzone,
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and 1-hydroxy-pyrene. Stock solutions were prepared by accu-
rately weighing the compounds in 10-mL flasks in duplicates and
dissolving in methanol. A blank urine sample, obtained from a
healthy volunteer at the lab and without detectable levels of the
metabolites or chemicals in the study, was used to prepare the cali-
bration standards. The chemical blanks were prepared in Milli-Q”
water. For quality control samples, the blank urine sample was
spiked with the three compounds to give final concentrations of 10
and 20ng/mL for OH-pyrimethanil and oxybenzone, and 5 and
10ng/mL for 1-hydroxy-pyrene. The quality control samples were
stored at —20°C.

Sample Preparation for LC-MS/MS

The urine samples were thawed and vortexed, and 500 pL of each
sample was pipetted into a 2-mL 96-well plate (Alhamdow et al.
2017). For the calibration standards, 475 pL of blank urine was
spiked with 25 pL of stock solutions containing the compounds.
The calibration standards ranged from 2 to 1,800 ng/mL for OH-
pyrimethanil, 1 to 900ng/mL for oxybenzone, and 0.2 to
90ng/mL for 1-hydroxy-pyrene. A set of calibration standards,
several chemical blanks, and quality control samples were
included in each 96-well plate. Then, 25 pL of internal standard for
all compounds, 10 pL B-glucuronidase/aryl-sulfatase enzyme,
and 150 pL of 1 M ammonium acetate buffer (pH 6.5) were added.
The plates were covered with silicone mats (Sealing Mat, 96 square
well; Kinesis), vortexed, and incubated overnight at 37°C with agi-
tation at 400 rpm. The plates were stored at —20°C until analysis.
Before analysis, the samples were mixed and centrifuged at 3,000 X g
for 10 min.

LC-MS/MS Analysis

The urine samples were analyzed using liquid chromatography
systems (UFLCRX, Shimadzu Corporation) coupled to triple
quadrupole linear ion trap mass spectrometers (Sciex). Analysis
of OH-pyrimethanil and oxybenzone were performed in positive
ionization mode on a QTRAP” 5500 and I1-hydroxy-pyrene in
negative ionization mode on a QTRAP® 6500+. The instrument
settings and transitions for the quantifier and qualifier ions are
shown in Table S2. All data acquisition and data processing were
performed using Analyst” 1.6.3 (AB Sciex).

For OH-pyrimethanil, the chromatographic separation was
performed on a Poroshell 120EC-C18 column (4.6 X 100 mm,
2.7 um; Agilent Technologies). The mobile phases used were a)
0.1% formic acid in Milli-Q" water and b) 0.1% formic acid in
methanol. The sample injection volume was 3 pL, and the flow
rate through the column was 0.7 mL/min. The column tempera-
ture was maintained at 40°C. The mobile phase gradient started
with 50% mobile phase B, followed by a linear gradient to 95% at
2.2 min and equilibrated at 50% B for 2 min.

For oxybenzone, the chromatographic separation and the mo-
bile phases were performed as for OH-pyrimethanil. The sample
injection volume was 4 pL, and the flow rate through the column
was 0.4 mL/min. The column temperature was maintained at
60°C. The mobile phase gradient started with 75% mobile phase
B, followed by a linear gradient to 95% at 2.0 min and equili-
brated at 75% B for 2 min.

For 1-hydroxy-pyrene, the separation was performed on a
Genesis Lightn C18 column (4.6 X 2.1 mm, 4 um; Hichrom) with
mobile phases consisting of a) Milli-Q” water and b) methanol.
The sample injection volume was 5 pL, and the flow rate through
the column was 0.6 mL/min. The column temperature was main-
tained at 60°C. The mobile phase gradient started with 20% mo-
bile phase B, followed by a linear gradient to 95% at 2.0 min and
equilibrated at 20% B for 3 min.
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Figure 2. Compartmental model used in the toxicokinetic analysis: lag time
for skin penetration (Tiyg, h), first order skin absorption constant (K, h-1),
volume of central compartment (V, L), peripheral compartment (P) first
order transfer rate constants (ki» and ko, h™'), and first order elimination
rate constant (k, h™").

The samples were analyzed in duplicates in 20 batches and
each batch of samples contained a set of calibration standards,
chemical blanks, and quality controls. The limit of detection
(LOD) was 0.1 ng/mL for OH-pyrimethanil, 0.2 ng/mL for oxy-
benzone, and 0.2ng/mL for 1-hydroxy-pyrene. The between-
batch precision was determined by comparing duplicate analyses.
The precisions are shown in Table S3, and the coefficients of var-
iation were between 4% and 13%. The laboratory participates in
the Erlangen interlaboratory comparison program for 1-hydroxy-
pyrene and oxybenzone and fulfils the requirements. The labora-
tory also participates in the Interlaboratory Comparison
Investigations (ICI) and External Quality Assurance Schemes
(EQUAS) (ICI/EQUAS) exercises for the analysis of 1-hydroxy-
pyrene and is approved in the HBM4EU project.

For pyrimethanil, the median concentration in pre-exposure
urine samples was <LOD ng/mL (57% <LOD) for FLG null
carriers, and 0.4 ng/mL (35% <LOD) for FLG wt carriers; for
1-hydroxy-pyrene, the median was <LOD ng/mL (96% <LOD)
for FLG null carriers, and <LOD ng/mL (90% < LOD) for FLG
wt carriers; and for oxybenzone, the median was 1.88 ng/mL
(0% < LOD) for FLG null carriers, and 4.45 ng/mL (6% < LOD)
for FLG wt carriers.

To adjust the biomarker levels for urinary dilution, the volume
of each urine void was measured, and creatinine was analyzed at
the Department of Clinical Chemistry, Lund University Hospital.
The laboratory is accredited for creatinine analysis and is using an
enzymatic colorimetric method (Mazzachi et al. 2000).

Toxicokinetic Analyses

The fraction of the applied dose excreted (excreted dose across
time) was estimated by calculating the area under the urinary
excretion rate curve (AUC) by using the trapezoid method (Excel
2010; Microsoft). The end time for urine collection differed
among the participants, so the AUC was calculated for 040 h.
One FLG null carrier had only 5 urine samples with maximum
sampling time 29 h after the exposure and had to be excluded
from the AUC analysis. Subjects with pre-exposure baseline con-
centrations of test chemicals exceeding the levels achieved during
exposure were also omitted from the analysis (one wt carrier for
oxybenzone).

Dermal absorption and disposition were assessed by popula-
tion toxicokinetic analysis. A three-compartment structural model
representing skin and central and peripheral tissues was used
(Figure 2). The skin compartment encompasses a lag time for
skin penetration (Tj,¢) and an absorption rate constant (k,).
Urinary excretion from the central compartment was described
by an elimination rate constant (k.), and exchange between the
central and peripheral compartments was described by two rate
constants (kj» and k»;). All rate constants are first order.
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The input data were the dermally applied dose (nmol) at time
zero and the mid—-time point (h) and the excretion rate (nmol/h)
of each chemical in the urine samples. Subjects excluded from
the AUC analysis were also excluded from the toxicokinetic anal-
ysis (one FLG null carrier and one wt carrier for oxybenzone).
Numbers of subjects included FLG null: 22, and FLG wt: 30 (for
oxybenzone) or 31 (for pyrimethanil and pyrene). When grouping
the wt carriers according to CNV, subjects with an unknown
CNV genotype were excluded from analysis (three wt carriers),
and numbers of subjects included FLG wt CNV20-22: 19 (for
oxybenzone) or 20 (for pyrimethanil and pyrene), and FLG wt
CNV23-24: 8.

The software Monolix (version 2019R2; Lixoft) was used to
estimate the model parameters. The built-in statistical model con-
sists of an observation model and an individual model based on the
structural toxicokinetic model. The observational model was set to
a normal distribution, and a residual error model included in the
observational model was used as proposed by the software after
initial analysis. A lognormally distributed random effect was added
to all model parameters. Correlations between parameters were
accounted for if proposed by the software. The different genotypes
(FLG null/wt, and FLG null/wt CNV20-22/wt CNV23-24) were
entered as categorical covariates. The residual scatter plots for
excretion rate and time were sufficiently evenly distributed around
0 (Figures S1-S3) and the observed vs. predicted plots were suffi-
ciently evenly distributed around the line of unity (Figures S4-S6),
altogether suggesting an adequate structural model.

Statistical Analysis

Characteristics of the study participants, grouped by FLG null
carriers and wt carriers, were compared by Student’s z-test for
continuous variables [age and body mass index (BMI)] and chi-
square test for categorical variables (sex, smoking, rash, allergy
with symptoms from nose/eyes, asthma, hand eczema, wrist/fore-
arm eczema, dry skin, childhood eczema, and nickel allergy).
The wt carriers were further divided into two subgroups based on
their total CNV because we hypothesized that CNV affects skin
barrier function but to a lesser extent than FLG null alleles.
Categories were FLG null carriers, wt carriers with a total CNV
of 20-22 (low CNV), and wt carriers with a total CNV of 23-24
(high CNV).

The AUC_40n) Was log transformed to improve normality.
Differences in log AUC g_40n) depending on FLG null genotype
were investigated using Student’s 7-test, and differences depend-
ing on FLG null and CNV genotype were investigated using anal-
ysis of variance (ANOVA) in SPSS (Statistics 25; IBM).
Differences in log AUC g_40n) depending on FLG null genotype
were further adjusted for age, BMI, and sex with ANOVA in
SPSS (IBM).

Differences in estimated lag time, absorption rate constants
and additional estimated parameters depending on FLG null ge-
notype or on FLG null and CNV genotype were investigated
using ANOVA in Monolix (Lixoft). To investigate whether other
known factors were associated with toxicokinetic analysis param-
eters and thereby skin absorption of chemicals, additional covari-
ates (age, BMI, and sex) were tested in the statistical model in
Monolix (Lixoft).

Results
Characteristics of the Test Subjects

The characteristics of the FLG null carriers and the wt carriers
did not differ significantly (Table 1). There were no significant
differences in self-reported disease symptoms between the
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groups, but FLG null carriers reported IgE-mediated allergies to
a higher extent, with symptoms from the eyes and nose, asthma,
and hand eczema, in comparison with the wt carriers.

The frequency of FLG null alleles was 6.5% in the entire
study group (28 carriers out of 432), which was similar to that in
other studies (Bandier et al. 2013; Brown et al. 2012;
Greisenegger et al. 2010; Varbo et al. 2017). The distribution of
the null mutations identified in the screening was 9 carriers
(2.1%) for R501X, 3 (0.7%) for R2447X, 3 (0.7%) for S3247, and
13 (3.0%) for 2282del4. Of the participants with FLG wt, 20 had
a total CNV of 20-22 (low CNV) and 8 had a total CNV of
23-24 (high CNV).

Area under the Urinary Excretion Rate Curve (AUC g_yop))

There were no statistically significant differences in mean
AUC g40n) for FLG null compared with wt carriers for any of the
chemicals, but overall FLG null carriers excreted the highest frac-
tion of the applied doses (Table S4). A similar trend was found in
the analysis adjusted for BMI and age (sex was not associated,
p>0.52, with the AUC g4op) for any of the chemicals and was
not included in the final analysis), but it was not statistically sig-
nificant (Table S5). When grouping wt carriers according to
CNV, there was a significant negative association between log
AUC g 40n) for pyrimethanil and FLG CNV genotype, with wt
CNV20-22 having 15% smaller AUCg_40p) than FLG null and
wt CNV 23-24 having 44% smaller AUC_40p) than wt CNV20-
22 to (Table 2). The same trend in AUC g _4op) between FLG ge-
notype groups was found in the adjusted analysis (BMI and age),
but it was not statistically significant (p =0.095) (Table S6).
Pairwise comparison showed that there were significant differen-
ces between FLG null and wt CNV23-24 (p=0.011, adjusted
p=0.037) and between wt CNV20-22 and wt CNV23-24
(p=0.048, adjusted p=0.243). No significant differences were
seen for pyrene and oxybenzone, but for both chemicals, FLG
null carriers showed the highest AUC4pp) and FLG wt
CNV23-24 carriers showed the lowest AUC g 40p) (Table 2;
Table S6).

The variation in AUC g_40p) between individuals was large,
with a factor of 20 between minimum (260 nmol) and maximum
(5,111 nmol) values for pyrimethanil. The models with FLG ge-
notype only showed R?> between 0.067-0.13 (Table 2) and the
models with FLG genotype adjusted for age and BMI showed R>
between 0.26-0.29 (Table S6).

Toxicokinetic Analysis

The observational data used for the toxicokinetic analyses is pre-
sented as excretion curves by FLG null and CNV genotype in
Figure 3 and Figures S7-S8. FLG null carriers reached the high-
est excretion for pyrimethanil and oxybenzone (Figure 3 and
Figure S7), whereas for pyrene the FLG wt CNV20-22 reached
the highest excretion followed by FLG null and FLG wt with
CNV23-24 (Figure S8). The lag times and dermal absorption rate
constants by FLG null vs. wt carriers are presented in Table S4.
For both pyrimethanil and pyrene, the mean lag time for dermal
uptake was significantly shorter [62% (20 min) and 26%
(20 min), respectively] among FLG null carriers compared with
wt carriers. The lag time for oxybenzone was also shorter for
FLG null carriers compared with wt carriers but not significantly
different (p =0.055). Dermal absorption rate constants were sig-
nificantly higher for FLG null compared with wt carriers for pyri-
methanil and oxybenzone (18% and 32%, respectively), but not
for pyrene.

When grouping the wt carriers by CNV (Table 2), the mean
lag times for dermal uptake of pyrimethanil were significantly
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Table 2. Area under the urine excretion rate curve (AUC g40n)), lag time for dermal absorption and dermal absorption rate constant by FLG null and CNV

genotype.
AUC (040n) p-Value Lag time p-Value Absorption rate constant ~ p-Value
Chemical Genotype” (nmol, geometric mean; 95% CI) (ANOVA) (h,mean+SD) (ANOVA) (h™", mean + SD) (ANOVA)
Pyrimethanil ~ FLG null 1,676; 1,253, 2,243 0.038%¢ 0.14+0.02 0.0001 0.19+0.04 0.02
FLG wt CNV20-22 1,421; 1,047, 1,927 0.37+0.06 0.20+0.05 —
FLG wt CNV23-24 799; 494, 1,294 0.66+0.12 0.13+£0.03 —
Pyrene FLG null 28.4;22.9,35.1 0.195¢ 091+0.12 0.011 0.16 £0.05 0.019
FLG wt CNV20-22 27.2;21.8,34.0 1.06+0.16 0.14+0.03 —
FLG wt CNV23-24 19.6; 13.8, 27.9 1.41+0.29 0.11+0.03 —
Oxybenzone FLG null 1,161; 891, 1,510 0.165¢ 0.07 +0.01 0.000008 0.23+0.07 0.0046
FLG wt CNV20-22 1,061; 797, 1,409 0.04 +0.009 0.22 +£0.08 —
FLG wt CNV23-24 7115459, 1,104 0.23+0.13 0.13+.04 —

Note: p-Values for comparisons are between FLG null (n=22), wt CNV20-22 (noxybenzone] =19, n[pyrimethanil and pyrene|=20), and wt CNV23-24 (n=8). —, no data;

ANOVA, analysis of variance; CI, confidence interval; CNV, copy number variants.
“Three participants do not have information about CNV.

hSignificant pairwise comparison between FLG null and wt CNV23-24: P=0.011, and between wt CNV20-22 and wt CNV23-24: p=0.048.

‘R2=0.13.
4R =0.067.
‘R2=0.075.

shorter [62% (14 min)] for FLG null carriers than for wt carriers
with CNV20-22, and in turn, significantly shorter [79%
(31 min)] than for wt carriers with CNV23-24. Examples of indi-
vidual fits of the toxicokinetic model to excretion rate data for
pyrimethanil are shown in Figure S9. Lag times for pyrene were
significantly shorter for FLG null carriers than wt carriers with
CNV20-22 and CNV23-24 [by 14% (9 min) and 35% (30 min),
respectively]. Lag times for oxybenzone were similar for FLG
null carriers and wt carriers with CNV20-22, but significantly
shorter for FLG null carriers than wt carriers with CNV23-24
[by 69% (10 min)]. The mean dermal absorption rate constants
were higher for pyrimethanil, pyrene, and oxybenzone for FLG
null carriers than for wt carriers with CNV23-24 (by 50%, 45%,
and 77% for each respective chemical), whereas wt carriers with
CNV20-22 had absorption rate constants similar to those of FLG
null carriers for all three chemicals (Table 2). Results from the
analysis with additional covariates (age, BMI, and sex) did not
change the significance level for the associations between lag
time and absorption rate and FLG (Table S7).

Additional parameters (volume of the central compartment,
rate constant from the central compartment to the peripheral com-
partment, rate constant from the peripheral compartment to the
central compartment, and excretion rate constant) of the toxicoki-
netic model are presented in Tables S8—S9.

Discussion

This is to the best of our knowledge the first study to establish the
link between FLG genetics and differences in skin absorption of
chemicals. Our results demonstrate that FLG variations can influ-
ence the rate at which chemicals are taken up through the skin as
observed by differences in both the absorption rate constant and
lag time between genotypes. We found that carriers of FLG null
alleles had a shorter lag-time (significant for pyrimethanil and py-
rene) and higher absorption rate (significant for pyrimethanil and
oxybenzone) than FLG wt carriers, indicating that the FLG null
mutations led to an impaired skin barrier and faster absorption.
Our results further indicate that, in addition to FLG null alleles, a
low FLG CNV may contribute to increased dermal uptake of the
chemicals. Based on these findings, we propose that FLG null
carriers and individuals with a low FLG CNV may constitute a
group with increased susceptibility to chemical dermal absorp-
tion. Nevertheless, it should be noted that a large overall variation
in chemical absorption (20-fold based on AUC 40n) was
observed between individuals in this study, and although some of
the differences could be explained by FLG, there are likely
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several other genes, as well as other factors, including biotrans-
formation, contributing to the variation.

The chemicals included in this study are common among envi-
ronmental, consumer, and occupational exposures. Pyrimethanil is a
fungicide used in conventional fruit agriculture, and both workers
and consumers can be exposed (Faniband et al. 2019). Pyrimethanil
has been found to be an aryl hydrocarbon receptor agonist in vitro
(Medjakovic et al. 2014) and has been shown to disrupt liver metab-
olism and thyroid hormones in rodents at high concentrations,
13-1,000 mg/kg/d (Hurley 1998). In humans, pyrimethanil is
mainly metabolized by oxidation to OH-pyrimethanil, after which
conjugation (mainly with sulfonate) occurs. After oral exposure,
80% of the compound was found in urine as OH-pyrimethanil
(Faniband et al. 2019). Pyrimethanil is not considered of toxicologi-
cal concern to humans below the ADI of 0.17 mg/kg/d and has low
acute toxicity (https://efsa.onlinelibrary.wiley.com/doi/pdf/10.2903/
j-efsa.2006.61r).

Pyrene is a PAH (not classifiable as to human carcinogenicity)
(https://echa.europa.eu/brief-profile/-/briefprofile/100.004.481).
Pyrene is metabolized by oxidation to 1-hydroxy-pyrene and
excreted in urine both as free 1-hydroxy-pyrene and conjugated to
sulfate or glutathione, and excreted in the bile in the conjugated
form (Law et al. 1994; Saengtienchai et al. 2014). The metabolite
1-hydroxy-pyrene is frequently used as a marker for total exposure
to PAHs (Ciarrocca et al. 2014). PAHs occur naturally as coal or
crude oil or are produced by incomplete combustion of organic
materials, and skin exposure occurs particularly in some occupa-
tions such as chimney sweeping (Kammer et al. 2011) and fire-
fighting (Strandberg et al. 2018).

Oxybenzone (termed benzophenone-3 in cosmetic products)
is a UV absorber used in various cosmetic products (Uter et al.
2014) for protection of skin and hair (referred to as a UV filter)
and in other types of cosmetics and organic materials such as
paint, rubber, and plastic products (referred to as a UV absorber).
Dermal exposure to oxybenzone is very common (Han et al.
2016) and is largely attributed to the use of sunscreen. When
administered to rats, urine was the main route of excretion.
About 50% of what was found in urine was in the form of the par-
ent compound, free, and conjugated with glucuronic acid
(Okereke et al. 1993). In zebrafish, at a concentration of 84 pg/L
(10 times higher than the highest measured environmental level
in water), oxybenzone exposure was associated with a decreased
expression of estrogen receptor 1, androgen receptor, and cyto-
chrome P450 aromatase B (Bliithgen et al. 2012). Among 215
Spanish men, there was a positive association between urinary
oxybenzone levels and increased levels of follicle-stimulating
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Figure 3. Excretion curves for pyrimethanil by FLG genotype. Each curve represents an individual. Excretion rates of (A) FLG null (blue) carriers, (B) wt car-

riers with CNV20-22 (black), and (C) wt carriers with CNV23-24 (green).

hormone (Adoamnei et al. 2018). Oxybenzone is under assessment
as an endocrine disrupter by the Danish Environmental Protection
Agency according to the European Chemical Agency (ECHA)
(https://echa.europa.eu/), and has recently been found to affect fetal
growth and sex ratio in mice (Santamaria et al. 2020). A Danish
study of 65 male FLG null carriers and 130 male FLG wt carriers
found slightly higher but only borderline significant levels of oxy-
benzone among FLG null carriers than among wt carriers (Joensen
etal.2017).

The three compounds used in this study have two aromatic
rings or more and have similar molecular weights (pyrimetha-
nil: 199.25 g/mol; pyrene: 202.25 g/mol; and oxybenzone:
228.24 g/mol). However, their lipophilicities differ widely, as
indicated by their log octanol/water partition coefficients (log P)
of 4.88 (pyrene) (PubChem 2004a), and 3.79 (oxybenzone)
(PubChem 2004b) and 2.84 (pyrimethanil) (PubChem 2004c).
For smaller molecular weight compounds, maximal solubility is
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found for log P-values between —1 and 2, whereas log P > 4,
such as for pyrene, means a very high lipophilicity and a low sol-
ubility in skin (Casarett 2001; Nielsen et al. 2009). Potts and
Guy proposed an equation predicting skin permeability of chemi-
cals using log P and molecular weight (Potts and Guy 1992),
according to which pyrene would be the slowest skin permeant,
followed by oxybenzone and pyrimethanil. This prediction is
reflected by the AUC g 40n) in our results, and partly by lag times
and absorption rate constants where pyrene had the longest lag
times and lowest rate constants, but followed by pyrimethanil
and not oxybenzone as expected.

There are currently few studies of FLG CNV in relation to
skin barrier function and chemical exposure. Brown et al. showed
that higher CNV reduced the risk of atopic dermatitis in a dose-
dependent manner, and resulted in higher levels of filaggrin
breakdown products, indicating a beneficial influence on skin
condition (Brown et al. 2012). In our previous studies, high CNV
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(the presence of CNV12) among chimney sweeps was associated
with lower levels of PAHs in urine (Wahlberg et al. 2019), and
low CNV (the presence of CNV10) in hairdressers was associ-
ated with shorter telomeres (Liljedahl et al. 2019), indicating that
a low CNV may contribute to higher uptake of chemicals and
more systemic effects. Consistent with the studies mentioned
above, we observed an increased uptake of chemicals in FLG wt
carriers with lower total CNV (20-22 copies) compared with
those with high CNV (23-24 copies). Due to the small number of
individuals representing each CNV type, we could not gain
enough statistical power to evaluate a potential dose effect on the
uptake with decreasing CNV. Moreover, due to the lack of infor-
mation regarding the DNA strand location of FLG null alleles in
relation to the CNV genotype, we could not evaluate the influ-
ence of CNV in FLG null carriers. Indeed, it would be interesting
to investigate whether a high CNV in the wt allele could to some
degree compensate for the partial loss of functional FLG in het-
erozygotes carrying a wt allele and a FLG null allele. Low CNV
is frequent in the European population (CNV10 allele frequency
around 30%) (Brown et al. 2012; Liljedahl et al. 2019;
Luukkonen et al. 2017; Wahlberg et al. 2019) and the contribu-
tion of CNV to dermal barrier function should be studied further.
The loss-of-function mutations included in our study are spe-
cific for European populations (Thyssen et al. 2014), except for
R501X and 2282del4, which are found in other populations,
including Korean and Japanese, however with lower frequencies
(Park et al. 2015). The global combined allele frequency of the
four mutations analyzed in our study is estimated to be between
0.0044 and 0.016, depending on which genome data set (1000
Genomes or gnomAD genomes) is used (https://www.ensembl.
org/). It should be noted that the allele frequencies have been sug-
gested to be underestimated in the 1000 Genomes database
(Thyssen and Elias 2017). Non-European loss-of-function FLG
mutations have been reported among Chinese, Japanese, and
Korean populations (Park et al. 2015). One study identified 22
loss-of-function mutations in a study group of 425 Singaporean
Chinese patients with atopic dermatitis, of which 20% had at least
one mutation compared with 7% of the 440 controls (Chen et al.
2011). We therefore expect that there may be further, not yet
identified, functional FLG mutations in other populations.
Although FLG null had the largest impact on dermal absorption
of chemicals, low CNV should also be considered a risk factor: it
was associated with a higher uptake, faster lag time, and higher
absorption rate of the chemicals under study. Low CNV is much
more common, also in non-European populations, than null muta-
tions. For example, one Korean study found a prevalence of low
CNV (a total CNV of 20-22) of 36% among healthy participants
after excluding the FLG null carriers (Li et al. 2016). Taken to-
gether, functional FLG variations vary in frequency between dif-
ferent populations, but FLG null and low CNV carriers are
relatively common globally. Further research is needed to charac-
terize the FLG variation and its impact on chemical uptake, par-
ticularly in non-European populations. At this time, better
protection against dermal absorption of chemicals should be
encouraged by appropriate legislation, for example by adjusting
limit values for toxic substances in consumer products.
Associations between being a carrier of FLG null alleles and
an increased risk of childhood atopic dermatitis and IgE-
mediated allergies, such as allergic sensitization and allergic rhi-
nitis, have been found (Palmer et al. 2006; van den Oord and
Sheikh 2009). A low CNV has been associated with higher risk
for atopic dermatitis (Brown et al. 2012). We did not find any
associations between IgE-mediated allergies, cell-mediated aller-
gies, or childhood or adult dermatitis and FLG genotype in this
study, which could be a result of the relatively small study group
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size and the fact that such symptoms are common in the popula-
tion even without FLG null mutations (Ronmark et al. 2016;
Theodosiou et al. 2019). Also, FLG null carriers with symptoms
related to IgE-mediated allergies and dermatitis may be more
likely to refrain from participating in a dermal exposure study,
resulting in selection bias.

Variation in genes other than FLG could be relevant for the
function of the skin barrier. However, compared with FLG, other
genes have been much less studied in relation to skin disease.
The epidermal differentiation complex on chromosome 1 is a
cluster of genes of importance for skin cell function, such as skin
cell differentiation and keratinocyte cornification. The epidermal
differentiation complex includes, apart from FLG: FLG2 [struc-
ture and function of the stratum corneum (Pendaries et al. 2015)],
GATA3 (a transcription factor for FLG and FLG2, (Zeitvogel
et al. 2017)] and SPRR3 [response to external insults to the skin
(Cabral et al. 2001)], among others. Similar to that of FLG,
genetic variation in these genes could possibly influence the func-
tion of the skin barrier and result in an increase in dermal absorp-
tion of chemicals.

Strengths of this study are that human subjects were used,
that FLG genotype including CNV was taken into account, and
that the dermal dose area and duration of the exposure were con-
trolled. Other ways of performing skin absorption studies include
using in situ modeling of skin absorption without experimental
data, in vivo animal models, or in vitro skin models. None of
these alternatives offer the complexity of being able to study skin
absorption, distribution, metabolism, and excretion in human sub-
jects, and they cannot be used to investigate the effect of genetic
variation on skin absorption. Another strength of the study is that
it includes healthy FLG null carriers, a group that has been little
investigated because most research on FLG mutations has been
performed in a clinical setting with patients with atopic dermatitis
(Kezic and Jakasa 2016). Limitations of the study are that the
selection of participants was based on the four most common
FLG null mutations in Europe and that there is a risk that we
missed very rare FLG mutations and mutations that are more
common in other populations. However, all subjects but three
(from other European countries) were from Sweden. We decided
to group the participants according to both FLG null and total
CNV. The FLG null and wt CNV20-22 groups were similar in
size, but the wt CNV23-24 group was half the size of the other
two groups, decreasing the statistical power to detect differences.
Another limitation is that we could not distinguish which DNA
strand carried the /LG null mutation, and hence we could not cat-
egorize the FLG null participants according to CNV, something
which could have given information about extra-susceptible
groups among the FLG null carriers. The skin barrier may have
varying efficiency depending on the specific null mutations.
However, due to the low numbers and the lack of CNV data for
the functional allele among the null carriers, we could not investi-
gate differences in AUC g_4qp), lag time, and absorption rate con-
stant for specific genetic variation. Another limitation is that the
model used to calculate lag times for absorption and absorption
rates was more accurate for low than for high excretion rates
(Figures S4-S6). A final limitation is that we analyzed only one
gene in relation to skin absorption, and no other factors that could
affect skin absorption, such as variation in other genes related to
skin absorption or metabolism of the compounds, or the number
of hair follicles present at the exposure site.

Our results show that FLG null carriers were more susceptible
to dermal absorption of three common chemicals. Overall, FLG
null carriers showed the shortest lag time for skin absorption, the
highest rate constants for skin absorption, and higher fractions of
the applied dose excreted. Further, our results indicate that low
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CNV resulted in increased dermal absorption of the chemicals.
Gaining knowledge about what FLG null mutations and CNV
mean for dermal absorption is important to better understand skin
barrier function and the preventive and protective measures and
guidelines that should be implemented by authorities, caregivers,
and employers to decrease skin exposure and skin absorption,
such as imposing limit values for dermal exposure to consumer
products and occupational chemicals and advising people to
reduce their dermal exposure to certain chemicals.
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